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DESIGN DOCUMENTATION REPORT
COUNTERFLOW FILM-COOLED COMBUSTOR PROGRAM
NASA LEWIS RESEARCH CENTER
CONTRACT NAS3-22116

1.0 INTRODUCTION

This document, submitted by the Garrett Turbine Engine Company, a
division of The Garrett Corporation, presents the Design Documentation
Report (Task III) for the Counterflow Film-Cooled Combustor Program in
compliance with Item A of Reports of Work, NASA Contract NAS3-22116.

This report documents the technical efforts undertaken during the
design of the Counterflow Film-Cooled Combustor (CFFC) and consists of
the following tasks.

o Brief analysis of the combustor-flow and wall-temperature
distribution in its original configuration that included:

- A one-dimensional (1-D) analysis of the airflow distri-
bution around the combustor.

- A three-dimensional (3-D) prediction of the combustor
internal flow.

- A one~dimensional analytical evaluation of the com-
bustor liner wall distribution.

o Analysis and optimization of the cooling air distribution to
achieve acceptable wall temperature distribution through

- Selection of optimal cooling scheme combinations for
the cylindrical liner sections — conventional forced
convection-film cooling and extended surface-film
cooling.

21-4007
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- Thermal analysis of the inner- and outer-transition

liners (torus) to optimize of the geometrical configu-
ration for maximum wall temperature reduction and mini-
mum stress distribution.

- Detailed analysis of combustor film-cooling skirts.

21-4007
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2.0 TECHNICAL DISCUSSION

2.1 Original Combustor Flow and Temperature Distribution

2.1.1 Combustor Internal-Flow Distribution

A one-dimensional annulus-flow model was used to predict the air-
flow distribution around the combustor liner. This was based on the
airflow rates through the outer~transition liners, part of the inner-
transition liner and the fuel nozzles as specified in the program
Statement of Work. The one-dimensional (1-D) model computed the pres-
sure losses, annulus Mach number and associated air velocity and flow
distribution around the combustor liner. The analysis considered the
effect of area change, wall-friction, injection and extraction of air
from the annulus, and drag introduced by inserted obstacles such as
fuel nozzles and service struts. It predicted the airflow distri-
bution presented in Figure 1 for the following sea level take-off
point:

P3 = 235 psi (15.98 atm.)
T3 = 1290°R (716 °K)
Wa3 = 8 pps (3.628 kg/sec)

The combustor empirical parameters at the design points were:

3

Combustor volume = 0.2179 ft (6.2x10-3m3)

2

Combustor reference area = 0.5811 ft (54x10—3m2)

Air loading parameter =

W
a3 - 3 3
1.75 T,/540 0.0265 pps/ft” (0.4244 kg/m>/$)

Vcomb

Heat-release rate = 3.86 x 106 Btu/hr/ft3/atm (39.92 MJ/s/m3/atm)

21-4007
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Figure 1. Air—Fiow Distribution as Predicted by
a One-Dimensional Annulus-Flow Model.
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Reference velocity = 28.2 ft/sec (8.59 m/sec)

Combustor residence time = 13.3 ms
Combustor liner corrected flow Wc = 0.662 lb/sec (0.3 kg/sec)

2.1.2 Liner-Wall Temperature Prediction

The combustor liner-wall temperature analysis was performed using
a one-dimensional computational scheme. The first case to be examined
dealt with the airflow distribution shown in Figure 1. The analysis
included convection and radiation heat-transfer contributions from the
hot gas and the annulus sides, film cooling efficiency along the wall,
and the change of area, wall thickness, and materials.

For computational purposes, the liner wall was divided into inde-
pendent sections. The outer liner was divided into three panels:

(a) The primary panel, extending from the combustor dome (from
which all the lengths "x" were measured) up to the second
cooling injection slot at x = 1.5 inches.

(b) The first-dilution panel from X = 1.5 inches to
x = 3 inches which included the second dilution jets at
x = 2.25 inches.

(c) The second-dilution panel covers the third cooling slot at
" x = 3 inches up to the fourth slot at x = 4.5 inches.

The inner liner was divided into the same corresponding panels as
on the outer liner, although the second-dilution section extended to
x = 4 inches only. The transition liners, beyond x = 4.5 inches, will
be discussed separately, due to their complex flow.

21-4007
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For each section, a fuel-air ratio‘(f/a) was computed from the
total amount of air and fuelvpreSent at the section. Only the effect
of the cooling film was excluded for the panel being evaluated, since
the cooling film serves to cool the liner and does not interact with
the burning process; however, the cooling film's flow rate was taken
into account on the next downstream panel, where the flow was assumed
to be mixed completely with the hot gases. The flame temperatures
were estimated from the adiabatic flame temperature corresponding to
the known f/a and a combustion efficiency, Nge

In the primary section, Mg Was assumed to be 90 percent; for the
other panels, nc was assumed to be 100 percent. Based upon the result
from the annular flow distribution, the simple counterflow film-cooled
combustor displayed a temperature profile along the liners as shown in
Figures 2A and 2B. Note that the coolant-mass flow is indicated and
corresponded to the annular-flow prediction.

The highest temperatures calculated by the 1-D program were
located along the primary panels and first dilution sections.

2.1.3 3-D Combustor Internal~Flow Analysis

In parallel with the use of the 1-D liner cooling model, work was
initiated for predicting the combustor internal-flow field to accom-
plish the following objectives:

o Provide thermal-boundary conditions for analyzing stresses
in the combustor walls and the transition liners.

o Predict the trajectory of the fuel spray to define a liner
configuration which would minimize near-wall burning and
thus reduce thermally-induced liner stresses.

21-4007
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A 20-degree sector of the combustor 11.89 cm long was analyzed by
the 3-D model. The sector was divided into 32 x 18 x 13 nodes the
center of the fuel nozzle spray being at 6= 10 degrees. A total of
three runs were made using the 3-D computer program for the following
cases:

Run Number 1 - Baseline run with airflow distribution as pre-

dicted by the annulus flow program (Figure 1) with
the predicted jet velocities.

Run Number .2 - Rerun of the above with 54 radial orifices per row

l_~ for both inner- and outer-liner walls, to deter-
' mine the effect of the number of primary/secondary

orifices per nozzle,

Run Number 3 - Rerun of Run Number 2 with a 75-degree spray cone

instead of the 90-degree spray cone assumed in
Runs 1 and 2.

All three cases were run using a simplex-pressure atomizer with
365 psid fuel-pressure drop and a SMD (Sauter Mean Diameter) of
30 microns.

Figures 3 and 4 pfesent computed axial velocity isopleths for
Runs 1 and 2, respectively, for an "x-y" plane in line with the nozzle
spray centerline. There were two distinct recirculation 2zones
(denoted by the 2zero velocity lines) for Run Number 1, whereas a
single elongated recirculation zone was predicted for Run Number 2.

Predicted fuel-air ratio profiles for an "x-y" plane between the
fuel nozzles are shown in Figures 5 through 7 for Runs 1 through 3,
respectively. For Run Number 1 (Figure 5), a 0.8 equivalence ratio
pocket extended in the axial direction up to a distance of x = 7.5 cm,
However, the model did not predict any stoichiometric pocket. The

21-4007
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Figure 3. Axial Velocity Distribution (Run No. 1).
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Figure 5. Fuel-Air Ratio Distribution (Run No. 1)
Plane in Between Fuel Nozzle.
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Figure 6. Fuel-Air Ratio Distribution (Run No. 2)
Plane in Between Fuel Nozzle.
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Figure 7. Fuel-Air Ratio Distribution (Run No. 3)
Plane in Between Fuel Nozzle.
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extension of the 0.8 equivalence-ratio pocket beyond the dilution
orifices was stopped by increasing the number of primary and dilution

orifices, as was studied in Run Number 2. The predicted profiles
shown in Figqure 6 indicated that the pocket has now been contained
because of the three primary jets. The effect of the smaller spray-
core angle (75 degrees versus 90 degrees) is presented in Figure 7.
The 0.8 equivalence-ratio pocket was slightly smaller with the
75-degree spray.

Figure 8 presents predicted fuel-air ratio profiles for a plane
in line with the first primary jet that was located upstream of the
nozzle in the direction of swirl; the results are for Run 1. Due to
increased dome flow for Run Number 1, the fuel-rich pocket of equiva-
lence ratio 2.0 was reduced considerably. Increasing the number of
jets (Run Number 2) further reduced the fuel-rich pocket size as shown
in Figure 9. A decrease in spray-included-angle slightly reduced the
fuel-rich pocket size, as shown in Figure 10.

Figures 11 through 13 present the predicted profiles along the
6 = 17-degree spray centerline for Runs 1 through 3, respectively.
The extent of fuel impingement on the liner walls was reduced because
of the increased dome flow, as shown in Figure 11. Also, increasing
the number of orifices, as in Run 2, reduced fuel impingement
(Figure 12). Reducing spray-included-angle did not reduce fuel
impingement (Figure 13 versus Figure 12).

Figures 14 through 16 show predicted ©profiles along a
6 = 17-degree plane for Runs 1 through 3, respectively. Only a slight
improvement in liner-fuel impingement was achieved in Runs 2 and 3, as
indicated in Figures 15 and 16. Figures 17 through 29 present pre-
dicted isothermal lines for the planes for fuel-air ratio profiles
that were discussed in the preceeding paragraphs. An important con-
clusion was reached from these plots, in that the hot-gas streak was

21-4007
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CFFC COMBUSTOR.3D-030 (SLTO.ANLOSS FLOW SPLITS)
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Figure 8. Fuel-Air Ratio Distribution (Run No. 1)
Plane in Line with Primary Jet.
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Figure 9. Fuel-Air RAtio Distribution (Run No. 2)
Plane in Line with Primary Jet.
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Figure 10. Fuel-Air Ratio Distribution (Run No. 3)
Plane in Line with Primary Jet.

21-4007
18

o



/¥ | GARRETT TURBINE ENGINE COMPANY
LA A DIVISION OF THE GARRETT CORPORATION
- PHOENIX. ARIZONA

TFFC COMBUSTOR.3D-030 (SLTO.ANLOSS FLOW SPLITS)
SYM-VAL ® 0.13564 0.1017+ 6.0814X 0.06780 0.05424+ 0.0407X 0.0271Z 0.0136Y 0.0068X 0.0007
SYM-VAL % 0.0001 '

8 2 =0.1745 KPLANE CONTOUR OfPHI FUEl -RIR RA
o (UNLINE _wUTH _SPRAY)
o~
Z_

X

X%
o Bt At ol
~ . ' ¥ T U T T T
b.00 1.50 3.00 4 .50 6 .00 7.50 3.00 10.50 12-90

X1 CM)

Figure 1i. Fuel-Air Ratio Distribution (Run No. 1)
Plane in Line with Spray.
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Figure 12. Fuel-Air Ratio Distribution (Run No. 2)
Plane in Line with Spray.
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Figure 13. Fuel-Air Ratio Distribution (Run No. 3)
Plane in Line with Spray.
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Figure l4. Fuel-Air Ratio Distribution (Run No. 1)
Plane §6= l7-Degree.
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Figure 15. Fuel-Air Ratio Distribution (Run No. 2)
Plane 6= 1l7-Degree.
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Figure 16. Fuel-Air Ratio Distribution (Run No. 3)
Plane 6= 17-Degree.
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Figure 1i7. Temperature Distribution (Run No. 1)
Plane in Between Nozzle.
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Figure 18. Temperature Distribution (Run No. 2)
Plane in Between Fuel Nozzle.
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Figure 19. Temperature Distribution (Run No. 3)
Plane in Between Nozzle.
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Figure 20. Temperature Distribution (Run No. 1)

Plane in Line with Primary Jet.
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CFFC COMBUSTOR.3D0-032 (SLTO,.ANLOSS FLOW SPLITS.3-JETS)
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Figure 21. Temperature Distribution (Run No. 2)
Plane in Line with Primary Jet.
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Figure 22. Temperature Distribution (Run No. 3)
Plane in Line with Primary Jet.
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CFFC COMBUSTOR.3D-030 (SLTO,ANLOSS FLOW SPLITS)
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SYM-VRL % 1400.
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Figure 23. Temperature Distribution (Run No. 1)
Plane in Line with Spray.
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Figure 24. Temperature Distribution (Run No. 2) g
Plane in Line with Spray.
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Figure 25. Temperature Distribution (Run No. 3)

Plane in Line with Spray.

21-4007
33




PHOENIX. ARIZONA

l GARRETT TURBINE ENGINE COMPANY
- - [ A DIVISION OF THE GARRETT CORPORATION

CFFC COMBUSTOR.3D-030 (SLTO.ANLOSS FLOW SPLITS)
SYM-VAL © 2450. & 2300. + 2200. X 2100. & 2000. 4 1900. X 1800. Z 1700. Y 1600. X 1500.
SYM-VAL % 1400.

& Z = 0.2635 KPLANE CONTOUR OFTEMP (K}
o LNing niiTH Secend JeT )
o
) ¥ X
2| AFLE
Mrzx+o>8‘+ ‘=
Y o
o X+ & A
o M n
@] &+ K+ e
— »x - +
X
WEROXF + X SCHLIGE MXYZRP
+ +
X
S wxrxox+nmxvzx¢
e~
o] e x )g<+aﬂl‘xvzx+
=
z X
© foﬁ« cﬂmxvzxg
> LS
< Mna A+ X YQX
iy X X
WCYZRIGX XX Y Z 5& ’
x + % r4 .
o WY ZRAOX + k x X v Z
© x + x Y
- z
D XMYZX4S X + R Y Z KX
x * X i .
KNYZRG & A WO+
ol®XXYEX ¢ cme  wze
O] MY Z X *te B W2Re
- - T 7 — T T v !
.00 1.50 3.00 4.50 6.00 7.50 3.00 10.50 12.099
X(CM}
Figure 26. Temperature Distribution (Run No. 1) Plane 6 = l7-Degree.
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Figure 27. Temperature Distribution (Run No. 2) Plane 6 = 17-Degree.
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Figure 28. Temperature Distribution (Run No. 2) Plane 6 = 17-Degree.
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Figure 29. Temperature Distribution (Run No. 3) Plane @6 = l7-Degree.
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contained better with a three-jet configuration, as shown by comparing

Figures 17 and 18.

After the analysis of the original combustor characteristics, the
efforts were concentrated on reducing the excessive liner wall tem-
perature below a liner peak of 1700°F (927°C). The approach that was
used is discussed in the following paragraphs.

2.2 Analysis and Optimization of the Cooling Air Distribution

2.2.1 Cylindrical Liners

The goal for this task was to reduce the liner-wall temperature
by a significant magnitude without modifying the combustion process.
The overall geometric envelope of the combustor was preserved, as were
the locations and airflow rates of the primary and dilution-zone
orifices and of the dome swirlers. The wall temperatures predicted
indicated very severe liner conditions; consequently, three techniques
were employed to reduce the wall temperatures to an acceptable level:

o Convective counterflow-film cooling
o Rectangular offset-fin plate cooling
o Extended surface-film cooling

For each technique, the coolant flowed through the convective or fin
passages before it was injected into the hot-combustion gases.

The second cooling scheme was evaluated only on the cylindrical
section of the combustor. The transition-liner geometry prohibited
the use of the offset-fin plates in this area. The temperature reduc-
tions obtained (from the three cooling techniques) for each section of
the combustor are presented in the following paragraphs.
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Technique 1 - Convective Counterflow-Film Cooling

Since the coolant film flows through the annulus channel before
being injected in the hot-combustion gases, an increase in heat trans-
fer was expected if the velocity of the coolant was significantly
increased. This was achieved by forcing the air to flow through con-
fining channels. The ratio (F) of these convective passages' cross
section to the coolant metering holes effective area was varied from
F=1.5 to F = 3. A fully developed flow-in-a-pipe approach allowed
the computation of the frictional pressure drop in the coolant
channel,

On the outer liner, Figures 30 through 32, significant improve-
ments in cooling were achieved; however, the temperature levels
remained unacceptably high. Although the pressure drop increased to
1 psi, the primary-panel wall temperature was reduced to 1800°F only
when coolant-£film flow was increased to 4 percent of the total air-
flow.

On the inner liner (Figures 33 through 35), the wall temperature
profiles were greatly improved due to the increased flow velocity
along the 1liner-wall cold side. The primary and the first-dilution
panel required more coolant flow to limit the temperature rise. The
second~-dilution panel displayed a satisfactory temperature profile but
also resulted in a relatively large pressure drop. In order to
increase the heat transfer and reduce the pressure drop of the
coolant, a set of fins with higher heat-transfer coefficients and
larger channel area were investigated.
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Second-Dilution Panel Inner Liner Temperature
Distribution (X 3 Inches to 4 Inches).
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Technique 2 - Rectangular Offset-Fin Plate

The need for small size, lightweight, high performance heat-
exchangers in an energy-saving era has resulted in the development of
plate-fin heat-exchangers for a multitude of applications. The
Garrett rectangular offset-fin plates, as shown in Figure 36, are
extremely promising. The fins are staggered in consecutive rows of
short length. The fins are offset to prevent a fully developed flow
and, thereby, take advantage of the increased heat-transfer rate of
the continuously interrupted boundary layer. This effect is trans-
lated into higher heat transfer coefficients. Empirical heat transfer
and flow~-friction data was available for several rectangular offset-
£in configurations; the nondimensional Collburn coefficient and the
ratio of the friction factor to the Colburn coefficient versus the
Reynolds number based on the fin hydraulic diameter, allowed computa-
tion of the heat-transfer and pressure-loss coefficients.

The offset fins are geometrically characterized by their density,
shape, height, wall thickness, and fin length:

20R - 0.050 - 0.100 - 0.002

! eimm s
Density: [Number of i Thickness of ffH]
fins per wall (in.)
inch
Shape of fin Fin length in
channel the flow direc-
R = rectangular tion (in.)

[Fin Height (in.)j}

The monthly technical progress reports gave an extensive compar-
ison of each available fins performance within the frame of the pre-
sent application. An iterative process was established to match air-
flow distribution with fin performances, temperature reduction, and

pressure drop penalties.
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Iigure 3o0.

Typical Rectangular Offset-Fin-Plate-Fin Heat Exchanger.
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The original combustor airflow predictions were characterized by
a large amount of air (13 percent of the total mass flow) towards the
transition-liner region (refer to Figure 1l). A more appropriate dis-
tribution would favor the overall reduction of combustor-transition
liner wall temperatures. |

The prime objective was to determine among the existing and
available offset-fin tooling, a configuration that would ensure
acceptable wall temperatures and minimum friction losses. Also taken
into account was severe tool manufacturing restrictions in the choice
of the shape, ratios of wall thickness to fin height, and maximum fin
density (due to the difficulty of forming the Hastelloy X fin
material).

The location of the primary and dilutions jets were examined
carefully from the point of view of both fluid mechanics and manu-
facturing cost (Figure 37). The complex flow distribution around the
large jet holes and the unidirectional flow feature of the fins
created flow nonuniformities and the result was a lack of coolant

downstream of the jet holes.

Different geometrical configurations were investigated to mini-
mize the wall temperature for the least flow penalty . Among these,
the original cooling configuration was modified to incorporate the
dilution and primary Jjets, by incorporating a convective annular
channel extending wupstream from their injection 1location (see
Figure 38). Hence, the surface area covered by the fin coolant was
reduced greatly. The large amount of jet-airflow (of the order of 10
to 12 percent) would have allowed a reduction of the coolant tempera-
ture at the entrance of the fin section (at L = 1.0 inch). Hence, an
improved wall-temperature distribution would have been obtained fur-
ther downstream. The convective channel height chosen to match the
fin height resulted in a high velocity in the passage; consequently,
the rate of heat transfer increased along the first part of the panel
(L
This was contrary to the desired effect.

0.5 inch), along, unfortunately, with the coolant temperature.
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AREA WITH LACK OF COOLANT

Fiqure 37. Lack of Coolant Due to Jets Holes Obstruction.
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One configuration (Figure 39) led to significant wall temperature
reductions.

On the inner liner, a coflow cooling configuration along the pri-
mary and first-dilution panels took advantage of the free-stream
dynamic head. 1In order to increase heat-transfer along the outer wall
without affecting the flow distribution, the resulté of the thermal
and stress analysis showed that the series of 20 fins per inch pro-
vided satisfactory wall temperatures. Figure 40 shows the temperature
profile for the primary panel. A reduction mainly in fin height (from
fin type 20R-075-0.100-0.004 to fin type 20R~-0.050- 0.100-0.002) 1led
to an appreciable coolant flow reduction (from 4 percent to 1 per-
cent). An acceptable temperature (1540°F) was predicted at the exit
of the fin passage (at X = 1, where the primary jets were located),
even at a cooling film flow as low as 1 percent. However, around
X = 0.9, the predictions showed a film cooling effectiveness of
n = 0.13. Increasing the coolant flow to 2 percent increased the
effectiveness to 7 = 0.27, all other conditions being constant. These
were more realistic, considering the need to provide a cooling means
downstream, between the primary jet holes and the cooling slot of the
next panel. Hence, 2 percent of film coolant flow is planned for the
primary zone.

Along the dilution panel (Figure 41), taller fins were used to
allow for the larger mass flow. Again, a significant reduction in
coolant flow was obtained. The film effectiveness dropped to n = 0.045
at x = 1.2 inch at the lowest flow rate. Hence, a coolant flow of
2 percent, for which the film effectiveness is 7 = 0.18, has been
chosen to provide an effective film protection further downstream.

In the second dilution panel (Figure ﬁZ), acceptable wall tem-
peratures were obtained with a counterflow cooling scheme (fins
20R-0.050-0.100- 0.002 and cooling flow of 1.4 percent). Protection
of the double wall was fully achieved.
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Figure 39.

© 20R-0,050 ~0.100~0.002
@ 20r-0.050-0.100 ~0.002
@ 20R-0.050-0.100-0.002
@ 20R-0,075 -0.100~0.002
® 20R-0,0%0-0.100-0.002

Flow Distribution.
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On the outer liner, the primary and first-dilution panel were
cooled in a counter-flow manner using 20R-050-0.100-0.002 fins with
7 percent and 6 percent, respectively, of the total airflow. The
second-dilution panel benefitted from the high velocity in the annulus
to reduce the temperature to an acceptable level. A roughening treat-
ment was used on the outside wall to enhance the heat-transfer rate
which permitted a reduction of the coolant amount to one percent of
the combustor airflow (refer to Step 3 "Extended Surface Film-Cooling"
and Figure 45).

Along the primary zone of the outer liner (Figure 43), a coolant
flow of 7 percent was required to ensure significant temperature
reductions. The film temperature at the injection was 1200°F. The
higher temperature of the coolant at the injection slot called for a
greater coolant amount than on the inner liners. A similar conclusion
was deduced from the dilution panel (Figure 44) where two wall tem-
perature profiles were plotted. They corresponded to a fuel-air ratio
(f/a) based on a predicted equivalence ratio (0.67) for one, and on
the usual experimentally-observed equivalence ratio of 0.8 for the
other. The f/a are 0.0458 and 0.054 respectively. A coolant flow of
6 percent was selected.

It should be noted that the fin type 28R-0.050-0.100-0.004,
unfortunately not available in hard material, would have allowed a
significant reduction in the amount of air spent for cooling (5 per-
cent instead of 7 percent), at a relatively similar pressure drop
(1.5 psi), see Figure 43. High-density fins may provide further
coolant decrease, if they are developed in the future. The Stanton
number is 30 percent higher for the denser fins. This demonstrates

their high potential.

The selection of the fins as an optimal cooling scheme required a
slight change in the amount of air flowing through the swirler,
25.43 percent instead of 26.93 percent.
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The recommended cooling configuration gives a wall temperature
distribution that is displayed in Figures 46 through 50.

Technique 3 - Extended Surface-Film Cooling

It is well known that the heat-transfer rate over a surface can
be significantly increased (by as much as a factor of two) if a rough
rather than a smooth wall is presented to the flow.

The determination of the roughness height required depends on

such parameters as coolant passage geometry and flow Reynolds number.

The growing interest in turbulent flow across rough surfaces has
been prompted by the need to accurately predict aircraft drag to eval-
uate aircraft performance. The prediction of the heat-transfer gain
through increased turbulence and of the skin-friction penalty through

increased drag greatly affects the design of a heat exchanger.

Different roughness conditions in a turbulent pipe flow have been
observed and divided into three regions [Schlichting(l)]*.

k U
HYDRAULIC SMOOTH 0 < SVT <5 Cf = Cf (Re)
Cf = Coefficient of friction
U, = Friction velocity

Sand grain roughness height

<
1}

Kinematic viscosity

The size of the roughness is so small that all protrusions are con-
toured within the laminar sublayer.

*References are listed at the end of Section 3.0.
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k. U k
TRANSITION REGION 5 < SV T < 170 Cf = Cf (BE' Re)

In the transition region protrusions extend partly outside the laminar

sublayer.
kS UT ks
COMPLETELY ROUGH > 70 Cf = Ct (5—)
h
In the case of completely rough surface, a Stanton number based on the
heat-transfer through the sublayer, and defined as B = 9
PcUT(Tn—TW)

has been related to a Stanton heat-transfer number based on the aver-
age flow properties:

PcUm(Tm-TW)
where:

Q = heat-transfer

P = fluid density

c = specific heat
Th = temperature at the edge of the sublayer
Tw = wall temperature
Tm = average temperature across a section
Um = average velocity across a section

Ur = friction velocity

_l=U—In U_I.n+l+1269_z
st ~Ur [Ur 7B T
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Owen and Thompson(z) have empirically determined the 1local
Stanton number B to be approximately:

) I
B = x [—V_] [Pr]

where: a = constant = (0,52
Pr = fluid Prandlt number
U, = friction velocity

Combining the two relationships and taking into account the definition

of the friction velocity U, = Um %E gives:
st = SE L
0.45 0.8 {u p 0.45 0.725
[1+o.52 Re, Pr [—“‘ X l] [‘23—f] +12.6 gf]

KFw Pm
U_k
where: Rek =
ym

The knowledge of the friction coefficient cf is a prerequisite to com-
pute the heat-transfer.

For a flow in a channel most of the incompressible skin friction
laws are well approximated by the Prandlt-Schlichting(l) law as:

= 1
A= Ry 2
2 Log el 1.74
s
where: R, = hydraulic radius
kS = sand grain height
A = Schlichting friction factor(l)
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The Prandlt Schlichting law was derived from Nikuradse's experi-
mental data obtained with sand grains. A great deal of effort was
expended, correlating in a convenient manner any given roughness with

its sand grain equivalence.

A correlation by Dirling(3) has been used here under the form:

k
=2 = 0.0164 7% of H < 4.93
k
] 139 .
— = =—— if H<4.93
k H1.9
kS = equivalent sand grain roughness height

k = roughness height

H is an empirical parameter relating the roughness size to its

spacing:
k Ap
where: 1_ = spacing between roughness elements

r
k = roughness height
As = roughness surface area presented to the flow

Ap

projection of As on a plane perpendicular to the flow

The size of the roughness height was determined to provide high

heat-transfer coefficient and low-pressure drop.

Several configurations of roughness and spacing were examined.
Because the Dirling correlation has been extensively applied to hemi-

spheric and conical roughness, a hemispherlike shape was used.

Figures 51 and 52 show the Stanton number variation with rough-
ness height, The pressure drop penalty was clearly displayed.
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2.2.2 Transition Liner

The flow distribution in the transition liners was restricted in
order to minimize the amount of coolant and used a counter-flow
scheme.

The considerable difficulty to fabricate transition liners with
offset-fin plates prohibited their use in favor of the extended sur-
face cooling technique. Because of manufacturing constraints, several
equivalent roughness heights (relative to the sand-grain equivalence
relationship) were made available for trial fabrication.

The first configuration called for an outer-transition liner that
involved five independently-fed liner sections as shown previously in
Figure 39. For the second dilution zone of the outer 1liner, an
equivalent sand grain roughness height of 0.020 inch was selected to
be the optimal sand grain roughness height. The wall temperature
distribution achieved was given in Figure 45.

A comprehensive investigation was undertaken in the simplifica-
tion of the transition-liner geometry. Although the above cooling
configuration ensured an acceptable wall-temperature distribution
along the outer-transition liner, existing potential difficulties in
manuf acturing and assembly accuracy called for a simplified configura-
tion. '

Combinations of two or more adjacent sections of the transition
liners were examined. In order to retain the counterflow cooling
scheme and maintain a constant flow velocity along the combined panels
(see Figure 53), the flow-passage height along the downstream panel
approximately doubled with the increased flow rate. As the flow
changed from 4.2 percent to 2.4 percent from Panel II to Panel I, the
panel heights changed from .06 to .03 inches, respectively.
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Figure 53. Panel Combination.
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Although the wall temperatures were reduced significantly (as

shown in Figures 54 and 55), the pressure drop (0.8 psi) resulting
from the combination prohibited a longer combination. Panel III,
therefore, was combined with Panel IV to make a single coolant
passage. Temperature distributions are shown in Figures 56 through
58. Panel V was fed independently with the same coolant mass flow
(1 percent).

A third configuration was derived from the thermal and stress
analysis of the inner- and outer-transition liners and is discussed in

the following paragraphs.

2.2.2.1 OQuter-Transition Liner Thermal and Stress Analysis

A thermal and stress analysis was undertaken in order to deter-
mine the thermal deflections of the outer-transition liner's flow
channels and slot gaps. Maintaining the specified channel and slot
heights were critical to the correct cooling of the outer-transition
liner.

The thermal deflection analysis was performed by applying the
transition-liner's temperature distribution to the finite-element
model, as shown in Figure 59. Only the first four panels of the outer-
transition liner were modeled in the initial analysis. No temperature
variation in the sheet-thickness direction was assumed in this anal-
ysis. Outer-sheet temperatures were calculated based on the cooling
flow's heat-transfer coefficients and temperatures. Radiation was not
included between the inner and outer sheets of the transition liner.
The temperature distribution used in the thermal analysis is shown in
Figure 60, and the resulting thermal deflections are shown in
Figure 61.

Relative motions at the four dimple locations are also shown in
Figure 61. The top two dimples showed closures for the maximum-
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Figure 54. fTransition Liner (Panel I).
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Figure 60. Initial Temperature Distribution.

21-4007
80

o~y

e e



GARRETT TURBINE ENGINE COMPANY
DAL A DIVISION OF THE GARRETT CORPORATION
PHOENIX. ARIZONA

Figure 6l1.

GAP CuLOoSES o.0a:1"

GAP OPENS C.o80"

GAP orrus 0,135

Thermal Deflections and Dimple Relative

21-4007
81

Motions.




/% | GARRETT TURBINE ENGINE COMPANY
Ty A DIVISION OF THE GARRETT CORPORATION
- PHOENIX, ARIZONA

temperature condition while relative motions were opening at the lower
two dimple 1locations. Panels III and IV combined had specified
channel heights of 0.030 inches and 0.060 inches, respectively, for
the maximum design operating condition. Computed gaps due to thermal
deflections only were approximately twice the specified operating
gaps. Large thermal stresses also were computed at the double panel
intersection location.

In order to reduce the stresses and deflections, the initial
design was modified as shown in Figure 62. Panel V was aaded to the
first model, and the other double panels were recombined in order to
reduce the thermal stresses and deflections. (Panel I was made into a
single panel. Panels II and III were combined into a double panel as
were Panels IV and V.) The inner-panel sheet thickness was also
increased to 0.050 inch. New temperature distributions were computed
for the modified design (see Figure 63) and the resulting thermal
deflections are shown in Figure 64. Relative motions at the dimple
locations are also shown in this figure. The temperature distribution
was recalculated for the new panel configuration, and the new aistri-
bution is shown in Figure 65.

Initial cold gaps were specified at the dimple locations that
indicate closure at the operating condition. The lower two dimple
locations were designed with an initial lower channel height that was

allowed to open to the correct height at the operating condition.

2.2,2.2 Inner-Transition Liner Thermal and Stress Analysis

The analyses on the inner-transition liner indicated that it was
an acceptable design. Figure 66 shows the result of the thermal anal-
ysis. A peak temperature of 1525°F is predicted near the interface of
the combustor with the liner. The material for the 1liner, Has-
telloy X, will adequately handle this temperature level.
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Figure 62. Modified Outer Transition Liner Design.
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The thermal analysis was based on 100-percent combustor effic-
iency at steady-state maximum operating condition. Film cooling of
2.0 percent was applied at the first inlet, and 1.54 percent was
applied at the next downstream inlet. Convection heat transfer was
applied at all of the model surfaces. Radiation was assumed only to be
significant between the double walls of the liner. Zero-heat con-
duction was assumed at the junctions of the liner with the combustor
and other mating parts.

Figure 67 shows the thermal stresses resulting from the tempera-
tures of the steady-state maximum operating condition thermal
analysis.

A maximum stress of 88.9 ksi was found at the dimple standoffs
between the two liner walls. No stress relaxation was considered in
this analysis. The results indicated that small localized yielding
(creep) was likely to occur in this region, but should not affect the
performance of this combustor.

Figure 68 shows the deflected shape of the inner-transition liner
during steady-state maximum operating condition. The model was
assumed fixed axially at the interface with the inner-combustor wall.
The two cooling film inlets to the main flow both open up from the
build condition. The first inlet opens up 0.0077 inches (radially),
and the downstream inlet opens up 0.0015 inches (radially).

2.2.3 Detailed Analysis of Combustor Layout

A final iteration of the one-dimensional annulus flow model was
used to match the liner geometry and the coolant-flow distribution.
The detailed geometrical characteristics of the coolant-metering holes
and their respective pressure drop along every single-liner section
were inferred and summarized in Tables 1 and 2.
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Figure 67. CFFC Inner Transition Liner Maximum Operating Stresses.
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Figure 68. CFFC Inner Transition Liner Maximum Operating Deflections.
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For each orifice opening along the combustor liner, the tables

indicate the:

o) Air flow is percentage of the total air flow,

o) Pressure available at the section location, P (psi)

o Pressure drop through the fins or convective passage, AP

o Pressure drop available at the air injection, AP/P %

o Number of holes

o Geometric-hole diameter, D (inch)

o Cooling skirt height, S (inch)

o Cooling slot parameter, ¥

o) Cooling film temperature at injection, Tf (°F)

o Cooling skirt temperature, Tlip (°F)

o) Cooling skirt lip thermal grow (inch), As

o Reynold number and Nusselt number for the cooling impinging
on the cooling skirt

o Ratio of metering hole diameter to cooling skirt gap, D/s

o] Ratio of hole spacing to hole geometric diameter

o Ratio of cooling skirt flow area to the total holes area.
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These parameters were derived to optimize the £ilm cooling effec-
tiveness. It was found that the initial film cooling flow character-

istics had significant influence on the f£ilm effectiveness delays, and

thereby on the liner-wall temperature. Based on Reference 4, a well-
designed cooling slot criteria was followed. The extreme sensitivity
of film effectiveness to the slot geometric details was quantified
through the following criteria:

for slot with D/s ¢ 1.0,
the "ideal” slot will be such that Y «0.9

slot with D/s <1.5 ¢ < 1.3

where D = geometric diameter of the coolant metering hole
s = slot height at the outlet.

The nondimensional parameter ¢ is a function of the cooling configura-
tions, such as double or single rows of metering orifices, axial-
radial-hole injection angle. For the simple slot with a single row of
metering orifices and no plenum considered in this design, ¢ is
related to the cooling skirt geometry by:

- Bs
v dL

where = metering-hole diameter
pitch length between metering holes
= slot-outlet height

[ L o T o 7
]

= slot length from the metering hole axis to the end of
the lip

Y is given in Tables 1 and 2 for each film cooling location.

The pressure drop along the liner section includes the following:
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o) Fin or convective passage entrance pressure drop

le] Pressure drop along the fins or convective cooling passages.

o) Pressure drop due to dimple blockage along the transition
liner.

The pressure drops across the swirlers and primary and dilution
holes were given directly by the annulus-flow models for the exact-
liner geometry (include fin outer panel).

The cooling slot gaps were estimated in two steps. For the first
one, the slot height was estimated to match the film cooling velocity
with the near-wall hot-gas velocity, as given by the three-dimensional
analysis. The thermal growth, opening or closing, of each slot was
computed from the temperature difference between the lip temperature
and the liner local temperature. The enhanced cooling process from
the metering hole impinging air was taken into account. The average
Nusselt number along the lip and the impingement Reynolds number based

on the metering hole diameter are also shown.

2.3 Technical Summary

The wall-temperature reduction obtained with the counterflow
film-cooled combustor is shown in Figures 69 and 70. The wall-temper-
ature distribution of the cylindrical liners are compared for both the
original conventioﬁal convective-film cooling configuration and the
present offset-fin/extended surface configuration., The first dilution
zone-wall temperature profile has been estimated for two values of
fuel/air ratio corresponding to the actual fuel/air ratio (0.046) in
that region and a commonly assumed value (0.054) based on past experi-

ence.
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To evaluate the cooling performance between the original and
final configuration, the parameters in Table 3 have been assembled for
each liner section. They represent:

Wc = Amount of film cooling air (percent of the total
airflow)

f/a = Fuel air ratio existing in the hot gas

Ta = Hot-gas temperature

Tf = Flame temperature (use in comput ing radiation
flow to the wall)

Nu st

N ' Sto ~ Ratio of the Nusselt number and the Stanton number,

uo

respectively, for each region of the final
configuration with respect to the conventional
convective/cooling scheme. In the transition
liner, the configuration of reference consists of
the same forced convective passages but bearing no
roughening elements.

The last two parameters illustrate the increased heat-transfer
rate obtained around the combustor, when improved convection cooling
techniques are used.

The reduction in the amount of air spent in cooling the liners
represents a significant gain when compared to a conventionally cooled
combustor. The "specific coolant flow" (i.e, the average coolant flow
rate per liner surface area) has been plotted versus the combustor
inlet pressure for a wide range of Garrett reverse-flow combustors as
shown in Figure 71. The CFFC combustor would, a priori, require
0.0166 lbm/sec/in2 (11.6910-4 kg/sec/cmz) of cooling air to operate at
the 1inlet pressure of 249.7 psia (16.98 atm). With the present
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TABLE 3. COMBUSTOR COOLING PERFORMANCE.
wc f/a TG Tf
LOCATION* 3 °F °F Nu/Nuo St/Sto
CYLINDRIC LINER
Outer Liner
1. Primary zone 7.0 0.0678 3439 3765 2.3 3.38
2. First dilution zone 6.0 0.054 3136 3713 2.50 3.51
0.046 2859 3136
3. Second dilution zone 1.0 0.031 2239 2592 1.7 1.74
Inner Liner
1. Primary zone 2.0 0.0678 3439 3765 5.9 2.7
2. First dilution zone 2.0 0.054 3136 3713 7.8 2.78
3. Second dilution zone 1.4 0.0313 2239 2592 3.59 3.59
TRANSITION LINER
Outer Liner
1. Panel I 2.2 0.0284 2188 2592 2.66 1.47
2. Panel 1II 2.0 0.0277 2159 2492 2.15 1.30
3. Panel III 1.3+42 0.0273 2143 2471 2.35 1.5
4. Panel IV 1.36 0.0263 2100 2417 1.76 2.11
5. Panel V 1.36+1 0.0260 2084 2400 2.60 1.35
*The transition-liner panels are as defined on Fiqure 39.
Combustor Mass Flow = 8 lbm/sec = 3.63 kg/sec
Inlet Pressure P3 = 235 psi = 14.98 atm
Inlet Temperature T3 = 830°F = 443°C
Pressure Drop (Ap)liner = 2.94% 5 )
Cylindrical Liner Surface = 2,585 ft“ = 0.240 m
Cooling air mass flow required per unit of liner surface:
with conventional film cooling 0.0166 lbm/sec/in® = 11.6910"% kg/sec/cm?

with offset fins and extended surface 0.0081 1bm/sec/in2

21-4007
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design, the specific coolant flow for the outer and inner liners
(limited to the cylindrical liners to which Figure 71 applies only)
are 0.0053 lbm/sec/in2 (3.7210_4 kg/sec/cmz) and 0.01176 lbm/sec in2
(8.2610_4 kg/sec/cmz), respectively. This leads to an overall spe-
cific coolant flow reduction of 52 percent, 0.008 lbm/sec/in2
(5.6210 4 kg/sec/cmz) instead of 0.0166 lbm/sec/in® (11.6910°4 kg/
sec/cmz) for a more conventional design.

The airflow distribution computer output along the cylindrical
and transition liners is presented in Appendices I and II, respect-
ively. For a given combustor geometry and specified airflow and pres-
sure drop, the output consists of local velocities, pressures,
orifices size, discharge coefficients, and jet velocities.
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3.0 CONCLUSION

A comprehensive design study has been carried out to signifi-
cantly reduce liner-wall temperature in a reverse-flow annular com-

bustor.

A combination of high-performance offset-fin plates and extended
surfaces have allowed increases in the local convective Stanton number
up to a factor of 3.5. The offset-fin plates were distributed along
the inner and outer cylindrical liners, while the transition liners
complex geometry called for roughened wall to increase the heat trans-
fer rate,

The specific coolant flow (i.e., the coolant mass flow per sur-
face area) has been reduced by 52 percent with respect to a conven-

tional convection-film cooling combustor.

Figure 72 shows the lay-out of the final configuration.

21-4007
102

———

[ .



i i [Z) i w i e ; =] i (2] ol

21-4007
103/104

]
f
" g
- | W Y
;i s .h
4
127 l II
N1
i '
g
1
i i
it allemin
! SRR
T
™[5, g
e a
g
(&)
K J
[}
- o,
I -]
0
. & -y
) %
& 8%
11 O - 4
L
[+
88
[
— En
- c
nd vl
B Bee
~
un 'h
[ ]
........ M
3
o
oo
1]
{
Ey
w

L -SSUD TOGETMS

- 2 FNDMIS S 0, 4,2 u,’z:,n 30 T &

MM T

BNV FONTS OV SUBNCE  NOXCIED.

&

>
4
i
o
1P i
§:1 |
i - .
‘gg o min
§§ HEi 11T TR Bl
tz o kla|alaie] M1 ol 8|5l g, slelalalels| lolgle
we i u:u!ua!eh&xi"isuss-ué
-4
s 1Y —---"‘""‘-‘!'d~~v——1--9:]g—

[]

- G Cy 8
: e e

N




GARRETT TURBINE ENGINE COMPANY

A DIVISION OF THE GARRETT CORPORATION
PHOEN!X. ARIZONA

REFERENCES

H. Schlichting, "Boundary Layer Theory," McGraw Hill Book Co.,
6th Edition, 1968.

Owen, P. R., and W. R. Thompson, "Heat-Transfer Across Rough
Surfaces," Journal of Fluid Mechanics, Vol. 15, Part 3, March
1963, p 321-334.

Dirling, R. B., "A Method for Computing Roughwall Heat-Transfer
Rates on Reentry Nosetips," AIAA Paper No. 73-763 presented at
the AIAA 8th Thermophysics Conference, Palm Springs, California,
July 16-18, 1973.

G. J. Sturgess, "Account of Film Turbulence for Predicting Film
Cooling Effectiveness in Gas Turbine Combustors," ASME paper
79-GT-200.

21-4007
105




APPENDIX |




GARRETT TURBINE ENGINE COMPANY
A DIVISION OF THE GARRETT CORPORATION
PHOENIX, ARIZONA

APPENDIX 1
AIRFLOW DISTRIBUTIO%,CYLINDRICAL LINERS

(8 Pages)

21-4007 -a
Appendix I
i




c00°1 770°T  0°0A21 0Q00°0-  006°G 008°8 ¥56%h 708°8 -4
000°1 000°T  0°0e2T 000°0- 066G 0558 bG6°h nge*s 9g
000°1 090°T  0°nKZT  000°0D=-  DCU°G 506 b6y 002°6 8L
0006°1 000°T  0°'0621 000°0-  05a°g 050%s €02°4 n5a*6 £e
000°1 0N0*T  0°0621 000°0-  069°G 050°6 069°¢ 090401 2¢
£962°  0009° ¢ 08T  0000°0- 4 1€
L1€0°  0000°+ 1 1 C000° 0~ 3 0¢
000°1 000°T  0°0621 000°0- 669°9  060°6  669°9 osneot 62
000°1 000°T  0°0621 000°0-  L&4°L 060°s Lhhey 25001 82
000° 1 000°T  0°0621 000°0-  106°% 002°6 0008 0%0°01 L2
600°1 000°T  0°0621 000°0~-  206°L 002%6 0no°g 002°6 92
000°1 000°T  0°0621 000°0- L06°L 620%6 000°8 §20°6 52
000°1 000°T  0°062T D000*0- 62L°L nog*e 000°8 n0g°e 92
co0°1 000°T  0°0621 000°0- 069°L 029°L coo°e 029°¢L €2
000° T 000°T  0°0621 000°0- 00L°L ot¢*s  npo*e or6eL 22
£00T*  0000°#% 1 9¢ 0000°0- 3 12
00L0°  00CD°# 1 261  0000°0- 4 02

000°1 000°1 0°0621 000°0~- 6Ls*L 006°L 000°8 006°L
co00°1 000°1 00821 000°0- g2L°L slLz2*L 000°® GLe*L
000°1 000°1 0°0621T 000°0- 009°L 2492°9 000°@ A XA

dd D e d e DD b dD b b DD DD DD D DL
~ oo
-t -

L921° 0000*s 1 9¢c 0000°0~ J 3t
0090° 0000°s 1 261 0000°0- E] ST
000°1 000°1 0°0621 000°0- 066°L 04%2°9 000°#9 042°9 51

000°1 000°1 0°0621 000°0- nes°L 0£2°9 000°8 0E2*9 21

70010 0000°e 1 261 0000°0~ - E] 13
000°1 000°1 0°0981 000°0~ 0€9°L 6€0°9 o0oo0°¢ GE0°9 11

000°1 000°1 0°0981 000°0~ 0€9° L 0o%e°s 000°8 0%8°g 01

000°1 0n0°1 0°098T 000°0- 009°L 06L°§ 0008 117841 6

000°1 000°1 0°0981 000°0- 009°L §2%°y 000°8 [ T4 A4 ] L

0go°1 000°1 0°098T 000°0- 069°¢L 00%°*y 000°¢ 00%° % 8

- 000°1 000°1 0°0981 000°0- 0s9°L 062°% “000°8 062°% 9
000°1 o0oo°1 0°0621 000°0~- 066 L 006°¢ 000°8 00s° ¢ 6L

98L0° 0000°e O 0 000C°0= ] L
000°1 000°1 0°0621 000°0- 00¢g°L 000°¢Y 0008 000°¢t 5

000°1 000°1 0°0621 000°0- 005 °¢L 8T1E*2 000°8® bTE°2 €

000°1 000°* 1 0°0621 ©000°0~ 006°L 000°1 0008 000°1 2

- 000°1 000°Y 0°02621 000°0= 005°L 000°0 ~ '000°*® 0000 1

(2 Iy I Ry E e R PR R R i R R R R I R e e R I I 2 2L ]

NI mQ14 S3IT0H NI °Ni ¥01Iv4 4 HI9N3IT SN1Qvw H19N 37 SNIQgvYd HLIINIT 3IdAL  °ON
/ ROT4 44300 3dAlL 40 WY1Q 3313uWvia vdy fdWIL  IN3WIII ¥ INNI Y3INNIT ¥31no0 431N0 W3I1I WINI
314180 HISIO 3IOH H3IGWNN 370H 1¥3SNI LNISNI 1M 13 T4 Ix 03 ox

BESAERIFERR R RN N ERI NSRS RN IR NS
INIW3ITI 30 ONI WV 3INEISNMOQ LV °N3IWIQ

A6 - S1INIW3ITI NOILISDd 30 d3QWNN

00021 = 39VNI019 03LJ3ISNI W03 LNITDI344300 9vH0
ooot* = 379NV OV I4dS NOILVEVHIS 40 LINIONV]
0000°0~- -~ HO1JVd SSINHONOY IIvY SNINNNY

00€°26 = INVISNDD Sv9 41V

oo%° 1 = S1V3IH JI471034S J0 OIivyd NIV

N0ER® = HOLIVI VviIAV FATLI3443 SNINNNV

#429°* = 4040 3dNSS3I¥d 1IVHIAD

(0 = 9n9Q1) AIND NOILNTIOS TIVNI4 ¥324V S4NII0 ONTINTAdL INALIND
(0 = J21dI) G3111074 39 10N 17IM 34CLITd
- V1va 1NdNI

09°143S G6ONY  YSYN ¥OISNAWOD

¥YNOZ1dV XIN3OHd
NOHLYHOJYOD L1IWHYD IHL JONOISIAIO ¥

ANVAWNOD 3NIDN3 3NISEHNL LL3HHVYO

21-4007
1

Appendix I




T °ON NOILvM3ILI 1dViS

$6T70° 0000°+ T 061 0000°0~- 44 96

000°1 000°1 0*0621 000°0~- 06L°t 066°Y 000° % 0569 °y 1 (11

0020° 0000°e 1 061 0000 °0~ 44 11

000°1 000°1 0°0621 000°0= oyL*e -4 A4 ] oLy oTL ¢t Al €6

000°1 000°T 0°0621 000°0- 0GL*Y [ XA M) 0GL*Yy 0Gl°t 1 26

ogo°1l ono-°Y 0*0621 000°0~- 006°6 AR h66°Y otTL*y 1 16

0%10°* 0000°s 1 o1 0000°0~- 44 0¢

000°1 000°1 0°0621 000°0- 066°§ 026°% hG6* Y 026°Y bl 6%

000°1 000°1 0°0621 000°0- 006°¢ 0€E6*H 866 Y 0E6"Y 1 8y

o o 000°1 000° Y 0°0621 000°0~ 00%°¢ 01%°9 £66°Y [ A8 Al 1 LY

000°1 0001 0*0621 000°0-~ 06%°6 096°9 Y66°% 0946°9 Al 9y

000°1 0n0°1 0*0621 000°0~ 60%°G oLz*L L 1128 ] el 7 GY

" t$01* 0000°s 1 9t 0000°0~ : - 44 hh

0o0o0°1 000°1 0°0621 000°0~ 006°6 062°L bG6°h 062°L ) £y

0020°* 0000*s 1 ["AA 0000°0~ 14 A

000°1t 000°1 0°0621 000°0- 06%°6 00%°L H66°h 0042 Al 14

000°1 000°1 c*0621 000°0- 02Z%»°*S 0l6*9 "G66°hH 0L9°8 hl 0%

13744 0000°¥F 1 9¢ " 00000~ : S T mmrm T T s + -8t

000°1 000°T  0°062T 000°0-  §65°¢ 089°8 Hg6* Y 089°g 1 9¢

oco*1 020°1 0°0621 000°0- [1- 3281 C9L°H W66y 09.°¢ b} Le

0020° 0000°s+ 1 961 occc*C- 44 9¢
e o et e R R R R L R R L AR R iR AR L ALl L bl Al
NI MO73 SINH NI *N1 ¥OLIV 4 Y Hi9N3IT SNIQve H19N 31 SNIQvy HIONIT 3IdAl °ON
/ M0OT4 34303 3dAlL 40 WYIG 3313WVIQ vy fdWIL  INIWIN3 4 INNI ¥ 3INNIT ¥31N0 43100 W313 KW3ITI

III41¥80 HISIQ 3IT0H  WIGWNN 30K L1¥3SNI  1%3ISNI 1vm 1) 14 Ix [0} ] ox

YNOZIWY ‘XINIOHd
NOt1VYHOJHOD 113HHVYD IHL 4O NOISIMQ V

ANVYAWOD 3NIDON3 INISHNL 113HYVYD

21-4007
2

Appendix I




0000°
0000°
1000°
1000°
2000°
2000°
€000°
€000°
%000°
§000°
%000 °
9000°
9000°
9000°
L1000 *
9000°
9000°
%000°
%000°
£000°
$000°
9100°
9100°
0200
200
9200°
2¢€00°
9200°
8200°
9100°*
TT1200°
4%00°
€600°
6200°
%200°
1€00°
T %%00°
§900°
6%00°
0¢00°
0¢00°
$%00°
9500°
1600°
1600°
8€00°
L200°
0€00°*
LEOO®
8€00°
0400°

1014/
GH NAQ

800"
800 °
120°
220°
8eo0°*
6€0°
eLo°
L0°
180°
gtre
660°
€H1°
§H1°
[ 128
[ X8
€1
TeT°
660°
060°
120°
1t
734
924 °
(1] Ad
11130
169°
L1758
L9
196°
e
58%°
(128
eL2°
g99°
€66°
y2L°

-t 4

950°T

€50°1
961°1
6L1°1
€etr°l
€€o0°1
ote°t
62€°1
YEE°T
986°
929°
LoL*
6L8°
606°
cE6°

visd
‘QV3IH
HYNAQD

[ 293 A
[ 191 2
YT6%°
AL
LACL B
L AN 1 A
[ 2410
(241 0
EToY"
2164 "
I44 2 Ad
2len "
2T6%°
FA A N
26y
2164
AY 1
916%°
LA 02 M
6164
8l6%°
L2910
LAY L A
TE6H "
[ A 11 A
Ly6h*
9964
066%°
6564 °
Y66y °

11

€¥69°
t42-3
8566°
9664 °
L2110

11104

6%6%°
SHohH*
Lybh*
1669 °
111 0
Y16%°
§L6%"
8LeYy*
L1664 °
2006°
1006 °
6669 °
0006°
2006

€13797
ALISN3ICQ

16°1€2
16°1¢€2
06°1€2
06°1¢e2
68°1¢€2
68°1¢€2
98° 1€2
90°1€2
v9°1€2
€8°1€2
se°T1€2
1e°1¢2
18°1€2
18° 1€2
6L°1¢€2
1e*1€2
¥8°1te
%0°2¢e
S1°2¢2
81°2¢€2
€1°2¢€2
g8 1€
8e°1¢ee
L9°2¢€2
[ 4374
LE*€E?
82 °€el
| 120 2 ¥4
06°EE2
20°¢€ee
4738114
60°€E€2
0o0°¢€2
SL°EE2
88°tee
oL €€2
‘vECEE?
[ 3 3 74
OE °€€2
82°¢e
0€E°CE2
6h'EE2
Teveee
1e°tee
2E°EEL
1:A8 3 4
LA 1 ¥4
0T*ve2
L6°ee?
20°5¢2
90°%€e

v1sd
€SS34d
JI11visS

26°1¢2
2o°lee
6°1€l
26°1¢2
t6°1€2
€6 1€
E6°lee
€6°1¢€2
€6 182
h6° 182
66°1¢2
g6°1¢€2
$6°1¢€2
g6°1¢e2
[ 13 ¢ 4
§6°1¢€2
96° 1€2
y1°cee
€2°2ee
G2°2€2
€2°2¢te
§2°¢2¢e
oece2ee
2U°Eee
10°%€2
20°%e2
€0°4€E2
L 284 174
91°%€2
6T°%EL
61°%€2
61 %E2
82 °%E2
A4 174
Ey*hee
€h*Hel
EH°vE2
€y 0t
GH*heE2
LAAS 1 %4
8Y°%E2
6Y°*H€2
29*%ee
59 °He2
99°%¢€2
9L %E2
18°9€2
18°Hee
98°%€2
({2177
00°st¢

vVISd
4553ud
vicl

0°6621
0°6621
£°6621
€°6621
ve6621
96621
»°6621
%6621
¥°6621
6621
66621
bt6621
$°6621
6621
ye6621
°6621
y°6621
§°6621
€°6621
9°6621
s°6621
1°6621
1°6621
16621
6°8621
9°8621
L°8621
0°6621
0°6621
LI
2°6621
€°0621
0°8621
0°6621
2*6621
0re621
9°8621
8621
€°8621
€°8621
e*l621
€621
LA L T4
2° 1621
€°0621
9°8e2T
0°s821
68821
99821
9°8621
6°Re21

L]
$dW3l
A1LVES

0°6621
0°6621
€°6621
€°6621
6° 6621
66621
§° 6621
6°6621
66621
956621
96621
9°6621
9°6621
9*6621
96621
9°6621
9°6621
L°6621
L° 6621
L6621
L6621
L6621
86621
86621
86621
66621
6°6621
0°00¢€t
0°00¢ET
0°00¢€1
0°00€EY
0°00¢T
0°00¢T
1°00¢€t
1°00¢1
1°00€T
1°00¢€T
1°00¢t
1°00€T
1e00¢e1
€°6621
0°6621
LAR 1-Y4
€°eo21
92621
0°0621
0°0621
040621
0°05621
0°062T
0°0621

]
‘duil
Iv101L

9%°5

894

et Ll
19° el
86°%2
%52
%6°62
6l*92
6L°92
zZe°2¢e
8l°€EE
8l°EE
LL EE
T12°%¢
12° e
G v
Gh°5¢
96° 6¢E
LB *yE
0L°1¢E
0L°TE
0L°1¢
16°82
€0°62
1 2-A8 14
62°62
§1°0¢
9L vE
Lhse
2E°9¢E
2€*9¢
2€E*9¢E
8z°Lt
[ A4}
96° 1h
96° 1%
9Ty
522y
b6° 24
b6 °2%
26°€Yy
29° 4y
10°6Y
€€ 6y
€ ‘06
L6°ES
28°66
28°66
€%°L6
66°19
18°69

Sdd
13A
INV ]

B9*¢L

gL

29°6

19°q

16°6

8Ll

00°92
96°92
5%°0¢
06°2¢
6L L2
Y8°6¢
»8°5¢
9%°6¢
19°2%
11:24:11
[ 73417
L 2% X
T ez
Zu 91
GL*GE
o%°8l
$8°%9
€9°89

E5°00T -

16°901
*6°H11
¥.°T01
69°601
§6°%¢L

og°ne

92°6¢t1
22°061
G8°EOT
L6°26

16801
€C°EET
68°tEl
2L°0%1
822t
8l*2Ht
L9°1€1
0E°9yT
BE*HHT
62°6451
T%°911
60°26

Lo*66

€0°o 11
00°»11
86°E1T

Sdd
T3A
Ivixy

5121
2y et
L8°61
156°02
€L°92
6022
€L°9¢
00° 6t
66° 0y
61°9%
62°¢tY
§8°1¢
€2° 2%
22°2¢
69° b6
86°1¢
%9°6Y
ET°EYy
801§
99°9¢
8L Ly
LG°He
%9 *68
9626

69" %01

9% °011
28°811
2§°L01
gz 11t
62°¢8
99°6¢
26°¢Eyl
LL*YS1
28°T11
49°101
Y€° 911

98T6ET

6€°05T
€ET°LH1
29°8%1
TR°8HT
20°6€1
61°961
2E°L6T
66° 261
greRet
89°201
69 H11
89°¢L21
LL* 621
19°1¢1

Sdd
13IA
LAAE

8900°  ghE* 06°08 T e
0L0C* GHE® 02*1¢ 1 8y
2110° -1 20°19 1 iy
9T10°  Gef* G169 1 9y
15T0*  gog* £1°69 1 g
£610°  GoE* L2°C6L 33 b
BO2C*  QEZ°T  26°h% T e
s120*  ge2't 08%%y 44 Y
0£20°  86E°T ZETy 1 1
2920°  96E°T  92°Gh 1 oy
§b20°  Q6E°T £0°0¢ i et
%620°  £00°2  LL°6¢ 1 ee
9620° £00°2  92°0% 1 ¢
9620° €00°Z  06°0% 44  9¢
60£0°  €91°2 LT 1 <€
» 20" €91°2 291y h he
1820°  E€91°2  G§°Gh 1 el
%920°  E91°Z  26°66 I €€
£€20°  €91°2  90°8¢ 1z
8020°  €97°2 18°65 44 1€
1L20° 61y v6e 1y 33 o€
6L%0°  TGh*s  00°22 1 62
80¢0°* 165y 18°681 1 82
6260° 169%*y LIRS 3 L2
L650% TEH°Y U TOY9T U1 92
1€90°  16%°y  Lg°G1l 1 62
6190°  16%°%  69°s1 T se
2190°  TG%"% THT 1 €2
9£90°  TG%°y  @g*Q 1 22
9L%0°  TS%°y  wB°GZ 44 12
9%60° © $62°¢ - DE*2Z - 33 02
2280°  w18°§ 1981 T et
§880°  918°C  E6°€l 1 8t
6E90°  »TB°S  S2°T2 1 gt
1860°* yT18°¢ LE*H2 43 91
6990° I18°*9 eEl1°12 44 st
0080° ~ “T62°Z ~~€9°2T— " 1~ %1
2080°  T62°L  06°LT 12t
T980°  T62°2  96°91 44 €1
0580°  TLE°L 61°91 1 1t
16680°  TI€°L 9T L1 1 ot
$620°  T2€°4 12001 1 e
G680°  TLE°L €2°8T 1 L
2060°  TLE°L  L2°8T 1 8
€060° Ti€°2 29°e1 h] 9
SEL0°  TLE"L 02°%2 1 e
8190°  TlE*L  tz*le o4 Y
L690° 000°*8 9162 1 [
£€L0°  000°8  21°92 L
S%20°  000°8 2662 1 2
G6Ll0° 000°*e o6 ot 1 1
s$/81
N Il 3 I9NY IdAL ON
HIV W 013 T4IMS WIATT W3IMI

T 39vd - S1712S34 INdEN0

0r*1d S G5OMY  VSYN  A01SNAW0D

VYNOZidY XIN3OHd
NOILYHOdYOD 113HUVYD 3HL 40 NOISIAID V

ANVANOD INIONT INIBHNL L13HHYD

07

Appergd ix I

21-40




e

0000°
0000°
0000°

- m0000° T

ooen*
0000 °
0000°

1014/
OH NAQ

100° L16Y"* [1-2 $ 24
$00° L16%"* Ge*1e2
€co* Lle%* 66182
900* " "LI6Y* T 68 TET
»00° Li%sy* -3 174
900° FALL 1612
900° Glon* 160182
visd €14787 visd

Qv 3IH £SS3yd

WYNAQ ALISNIC DJILVIS

Ge* 1€l
g6°1te
56° 1t¢

c46°1¢2

c6° 1t
26° 1t
26°lte

vIsSd
¢5Siud
V10l

L8621
L°8621
68621
6°RO21
6°9621
0*6621
0°6621

]
¢dW3t
JI1vLS

Leas2t
1°8621
6°98621
6*8621
69621
0°6621
0°*6621

]
fduWit
ving

€8°1d3$
ge*y  L0°* ge*y  6200°*
ag*y  y1°L  eEtE  L40O°
68*3  Lo*z  91°L  T400°*
Cato———gEey ——gute  eYNet
6e°9 96°Y €6’e e%00°*
go*®  16°6  1€°CT  6600°
9%*6  0°G  wL°C1  1900°
Sdd Sdd Sdd
13A 138 RET Y
9NV 1 Ivixy rOd HIOVW
1 39vd
0K 14158

[T

G6ONV  VSYN ¥0ISNAWOD
100° 20°6¢ EE] 96
€21 T6°1¢ ) 56
gate b1°¢lL 44 56
ta2* B A 8 11 1 ts
€82 LA 2 341 hi 26
gez* €z ls 1 16
Ef2° 2Le1e 44 0§
s/91
ENS A JIONY  JdAL ON
MO4 ITYIMS  W2A1I W3

- S1InS3¥ ind110

G6aNY  YSYN A0 1SNAW0D

¥NOZ'WY XINIOHd

NOILYHOJYOD L13HBYD IHL JO NOISIAIQ Y

ANYAWOD 3NIDN3 INIGHNL L13HHVYD

21-4007
4

Appendix I




[1014) &
00.0°

Ly21°
0090°

ooto*

99L0°

NIR7
LR F]
4130

!/ seseesserssesnsennse SHILINVEVA IDIJIN0

80 EHE
66°2%¢E

Ih*6%¢E
HEO6HE

TT0¢e

00°0

Sdd
ALTJ013A
13r

2692
2LLl

962°1
994"

190°

000°0

viyy 43
1NN
3140

089°
9Ly

oEg*
00%"*

190°

0000

v v
443
4130

181°1
€06°

28%°1
€6L”

621"

000°C

viyy
Wo3¢<
4140

80°s¢L
9%°99

€0°2¢L
02*L9

€0°49

00°0

€30
ERPI
13ar

L616°
T4 N

1096°
90€¢*

LI {

0000°# 0000°0~

44300
HJSIQ

yHv02°
GLLO"

6822°
L0L0°

€620°

* NI
Wvia
310H

000°*0
000°0
00040
0000
000°0
000°0
000°0
000°0
000°0
0000
000°0
000°0
000°0
0000
co0°0
000°0
000°0
000°0
000°0
000°0
6EYH°

000°0
000°0
000°0
000°0
000°0
€00°0
000°0
000°0
000°0

NI

H19N37
HOLLVY

h84°
00%°
2Le”
34%9°
119
oo00°1
168°
0o00°1
000°1
000°1
goL*
000°1
000°1
000°*1
000° 1
e*
89e°
000°1
000°1
000°1
000°1
488°
000°*1
000°1
000°1
624
[ T4 M
0oo°t
000°1
000°1

¥ 1Iv3

LA
¥vdis

000°T 2%°61
0001 45°%1
0001 w61
000°1 0%°21
000°T €L°1Y
000°1 16°01
000°1 %0°*21
000°T »9°11
000°1 €6°61
000°1 L6°61
000°T £L°11
000°T %6°01
000°1 11°61
900°1 29°91
000°1 20°21
000°T 9T °s1T
000°T 11°st
000°1 2%° 51
000°1T 44 °n1
000°T T19°n1
000°T Th gt
000°1 99 °¢T
000°1 96°¢1
000°T £6°¢1
000°T 86°91
000°T 12°61
000°T 21°0¢2
000°T 60°91
000°1 G221
000°T 06°LT

¥0LIVS eNI
vIidv viygy
INVM 443 NV

Zh 1y
2E°9y
byoly
66°€2
64°€2
66°¢t1
12t
03°51
08°02
0802
0R°*02
66°€1
09 °61
86°12
86°12
86°12
g6°12
L10et
L1°81
L1°81
09°61
09°61
12°L1
1221
86°12
69°¢¢€
69°¢¢g
GE*H2
GE*H2
GE*H2

N1
vy

NNV TINNVHD

066°
0656°
wl6°
€6%°
€69
aLe”
oce*
0o¢*
GZH*
G2h°
(74 M
6L2°
00%*
06n*
(12 A
06y *
069~
oLe*
nLe*
oLe*
004 *
00%*
0sE*
0ge"*
06y *
00L*
ooL’
00¢s°
006°
006*

*NI
HiQIM

669°9 1 62
Lhohel 1 82
LITANE 1 12
LIYANE 1 92
heL L Al [ 14
298°L 1 L ¥4
gea*L 1 €2
0s8°L 1 22
LaL*L EE] 12
L8L°L EE] 0z
L8L°L Al 61
298°¢L 1 81
008°L 1 L1
sLL*L 44 91
sLL°L EE ] st
sLLL 1 T
sLLL 1 2t
6182 34 €1
sI8°L 1 1
s18°L 1 01
098l )l 6
008°L )l L
$28°L Al [
e28°L 1 9
sLL°L 1 6L
069°L 24 L]
0§9°L 1 1
06 L 7 €
ost*L 1 4
06L*L Al 1
N1

SNIOVYY 3dAl °ON
NVIW W313 W33

XIS RRRNR2NN0 0t / panensnx SYILINVAVD DINLIWOID SNINNNY seessnsnen/

2 39vd -

VYNOZIHY XINIOHd
NOILVHOJHOD L 138M YD IHL JO NOISIAIG ¥

ANVAWOO INIDONI INIGHNL 113HHVDO

S1INS3¥ LIndino

21-4007
Appendix I

5



.. . . ex e [Ty [oy ERR

9¢2°21 = 2NI fv3dv J1¥134039 viol
8620° - L3IINT 1d 7/ 4030 3INSSIAd
00°w22 = VISd ‘3¥NSSIrd I9VHISIQO

68L° = $/91 f#074 N71234¥0D LIINT
IR qqeh° s INFIOJI44100 FOYS TIVHIND
h6l10° 65°%12 s11°L Tete q12* €El'6g 8N19° 12%0° 00c*n noo*T 00ON°1 W3* ~0°*9 062* 6i8*¢ 44 94
000°0 000°*1 000°*1 1£°% »0°*3 062° 6l9°t hi 11
0020° 66°H12 186°9 e 6L2"* el LOT9* Luw0* 000°0 200°*T 0C0°1 40°*¢ on*1z GOL® 0OhL1°*Y 44 (11
000°0 295" 000°*1 Te°4 np*12 SOL* 0O%L°h 1 |14
yyyyyy RB9* 002°1 000°*1 2L°¢ G102 GL9* 0GL*h 1 t 4]
- 000°0 000°*T CJI0°Y Nty £5°LT EA 1% 122°¢ Rl 16
0410° 0y *eL2 LI8°9 n21° Lotl® 1e8°L8  20T19* €2%0° 000°0 000°T ©000°1 €2°¢ L9°s1 966° 262°S 44 06
000°*0 €e6° cno°*1 05°6 LI°sT 966* 262°6 1 6%
- T - GR%* "000*T "O0D0°1 2t°h €5t 99G6* LTZ°S° - Y -~ 8y
000°*0 000°1 000°1 tA°*§ 16°41 CAL AN VR 1 Ly
091° 000°*T 000°1 49°¢ 12°91 969  202°¢G b Y
990°0 000°T COO°T €£2°% gG°H1 16%* &Ll Al (1)
eS0T 6L°Cl? L69°9 206° (2221 26°hd  2909° HAZ22° 000°'0 000°1 00NO0°1 ¢2°% g6 Ll Iver l22°'¢ EE ] Hy
000°0 8E6 " 000°1 ug*6 E6°Ll 946 l22°§ 1 |1
0020° €Q°EL2 Gb6L°S 1Ly sez* Lle°lB L009° 606G0° 000°0 000°*T 000°T1 %G°e T2*91 96%°* 202°S 44 2y
L8 A 000°1 000°T O0T°*0T T12°91 964 202°G 1 1%
000°0 000°T 0907°T (3°'% 61°6T 935 28T°G 1 0%
1610° BE*HLZ %26°6 L4y9° %80°1 LL*08  2L66° AG6T* 000°0 000°T 000°1 9%°4 9L Ll Th6*  622°6 4 33
000°*0 000°'1T 000°T €€° Tl 9L°L1 Th6* 622°¢ 1 8¢
000°0 000°T  000°T »2°11 9¢°*¢l %6 622°6 Al L€
0020° BY°*9L2 Ll6°Y Tt 682° 66°3L 9TeG* €EHO* 000°0 000°*T (GOO°T GZ°1IT €6°L1 986 L22°6 34 9¢
000°0 000°*T O0N0°T T9°IT ¢€6°L1 946 122°6 A (14
000°0 000*T 000°1 02°21 (L9°*¢1 966°* 262°§ 3 he
0000 000°*T 000°T ZL°21 KA*TC £97° Ll2°¢ 1 eL
000°0 N0C°*T CCO'T €9°%T 62°TE Q16*  52H°% Al £e
000°0 002°Y 000°*1 Z&»*61  H1°6f 066* 069°¢ Al 43
€962 %9° 482 908°*% £60*2 egY* 00°06 0009°* TL6T1° 020°0 000°1 000°T L2°*L1 2%°1% N&&s* 669°9 44 1€
L1e0° 66°5€2 tTL*2 To2* 19%° Z2%tl  L994* 663L" 06000 000*T 0020°T CJL*Ge 2%°1% 066" £63°9 44 ot
NIMN/ Sd3 viyy 43 v ¥y v3ivuy €34 - * NI NI ¥l L3vd4 ¥NJavs ZN1T NT °NIT °NT
#0734 AL1D013A  INWND 443 Wo3e 379NV 44700 WviIn RIELER! v Ny vVI¥v  vidv YNy HEAQIP  SNI0vd IdAL CON
4140 1Ir 4140 41¥0 4140 1ir HISIN 310H HOLLVY  ¥vdIs INVM 4] NY NNY TINNVH) NVIW W33 W33
ssensossstrnssandedr SUHILIWVYEVA IDIATU0 ssenensonsssssrssss / srvsnsssr SUILINVAVD DIAL3WE3D SNTINNNY esendsssss/

21-4007
6

Appendix I

¥YNOZIHY XINIOHd
NOILYHOJHOO £1368YD IHL 4O NOISIAIO ¥

ANVAWOD INIONIT INIGHNL L1IHHVYD




_g_w_nm H ORIFICE ORIFICE |
ELEN 27 F ELEN 28 F| |ELEM29 F.
HO 0.2544 | |WO 0.1654
NO 181 NO 151
00 0.0341 DO 0.0300
& 0iar | |6 0:a8
- T i 141 .
COMBUSTOR NRSA TRANSITION LINER to 0.8s3 | |co 0854
JA 0.00 JA 0.00
Ju 335 Jv 335,
1 INLET ANNULUS ANNULUS ANNULUS ANNULUS ANNULUS [aNNULLS Y _S.Z;F.Lm ANNULUS RANNULUS ANNILUS ANNJLUS ANNULUS RANNULUS ANNULUS ANNULUS RNNULUS | "RAORILUS ANNULUS
ELEM L ELEN 2 ELeM 3 ELEM 4 ELEM 6 ELEN 7 1ELEN B FLEM S ELEM I10 ELEM 11 ELEM 12 ELEM 13 ELEM 14 ELEM 1S ELEM 16 ELEM 17 ELEN 18 . B8 ELEN 20
‘M 0-B29 W 0.629 W 0.629 W 0.629 W 0.453 | |W 0.453 —ﬂ 0.453 0.453 W 0.453 W 0.453 w 0.453 K 0.453 K 0.189
77 129C ¥F 1290. 17 1290. TT 1290. 77 1290. T1 1296 1T 1280. T1 1290. 11 1290 17 1290.
ip1 233.83 | |PT 233.83 § {PT 233.83 | |PT 223.83 PT 233.83 | [P7 233.83 | !PT 233.83 1 233.83 | |PT 233.83 | [PT 233.83
|PS 233.82 | [°S 233.82 | |PS 233.82 | |PS 233.82 Ps 233.82 | |PS 233.82 | |PS 233.82 | {PS 233.8Z | IPS 233.81 | |PS 233.81
M 0.005 M 0.009 M C.008 " 0.007 M C.006 N 0.007 n 0.006 # 0.007 M 0.010 M 0.010
SR 30.00 SR 29.84 SA 33.96 SA 40.35 SA §2.08 SA 48.4] SA 51.76 | (SR S3.04 SA 35.77 SA 36.39
v 16. tiy 16- v 15. v 13, v o1t v 12, v 1. v o 12. v 17. v 1T, v
AV 14, AV 14 Av 12. AV 10. Av 7. AV 8. Av 7. Av 7. AV 14 AV 14,
ttv 8. — we T 8. v B. TV 9. 77 9. v 9. Tv 10 v 10. Tv 10,
Of 0.490 Of 0.490 DE 0.490 DE 0.49] DE 0.490 DE 0.490 | |DE 0.490 _ DE 0.490 DE 0.490 0E 0.490
Q 0.000! | |@ 0.000! Q 0.0000 | |@_0.0C00 Q 0.0000 | (@ 0.0000 | {@_C.0000 ) |0 0.0000 | |@ C.0001 | |@ 0.0001
7. -
FIXED INPUT VALUES -
ANNLLUS WALL ROUGHNESS FACTOR = 0.0000
RNNULUS EFFECTIVE AREA FACTOR = 0.8300
TANGENT OF SEPRRRTION SPRERD RNGLE = 0.1000
DRAG COEFF [CIENT FOR INSERTED BLOCKAGE = 1.200C Z
AIR RATID OF SPECIFIC MEATS : 1 .4000 £
AIR GRS CONSTANT : $3.3000 =
5 . FPS
2 117, FPS
\ 2 OWM _VELOCITY. FPS
OVERALL OUTPUT VALUES - = .
INCET CORRECTED FLOW. 18/S = 0.0823 7 ot
QVERALL PRESSURE DROP = 0.02489 =
TOTAL GEOMETRIC AREA. N2 = 0.647S A 2=
OVERALL FLOW COEFFICIENT = 0.8601 £ -
OISCHARCE PRESSURE. PSIR = 2290006 CD = ORIFICE DISCHAROE COEFF ICIENT
e JR = JET INECTION RNGLE, DECREES
v = JET INECTION VELOCITY. FPS
2.97 —
2.50
ANNULUS ANNULUS ANNULUS ANNLLUS ANNULUS ANNLLUS
ELEn26 | |ELEN25 | lecemed | |evem2s | [ELenze | levem
W 0.189 W 0.189 W 0.189 W D.189 W 0.189 W 0.189
Trze0. |17 280, | |77 1290, |{rr 120, |[vr12%0. | ]17 1290
pr 233.81 | [P 233.01 | [P1 233.82 | [P1 233.82 | |PT 233.62 | [PT 233.83
PS 233.75 | |PS 233.74 | [PS 233.66 | |PS 233.80 | |PS 233.81 | |PS 233.81
" 0.019 n 0.021 M 0.031 8 0.012 N 0.011 M 0.010
SA 35.60 SA 34.18 SA 20.04 SA 60.96 SR 70.84 SR 75.52
v 34, v 3. v S54. Yy 21. v 19, v 18.
Av 28. Ay 30. AV S1. av 10. RV 6. AV S.
Tv 20. Tv 20. v 19. 17 18. Tv 18. TV 18.
0€ 0-490 | [o€ 0.490 | |cE 0v4s9_ | |o€ 0.a00 | lo€ 0.490 | 0 0.4%0
@ 0.0003 | [0 0.0003 ) |0 0.0007 ] {0 _0.0001 | |g 0.0001 | [@ 0.0001
oRIFICE | [ORIFICE
ELEN 3L | [ELEM3D F
W 0.1272 | [W0 0.1-30
NO 88 NO 116
00 0.0345 | |00 ¢.0351
oA 0082 | fGA 0-112
€ER 0.070 m“ 0.096
S0 | |00 21-4007-A
W33, | (v 34, Appendix I
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